wa AD-A139 015 NEUTRON LEAKAGE FROM ‘COMET’ - A DUPLICATE LITTLE-BOY 
DEVICE{U) DEFENCE RESEARCH ESTABLISHMENT OTTAWA 
(ONTARIO) H A ROBITAILLE ET AL. DEC 83 DREO-878 
UNCLASSIFIED F/G 6/18 NL 


END 
oaye 
stat 
4 84 
pric 
— 


motte 
——————} ra is B22 
Than 
—— il 1.8 
= 


(Te22 Mee Wes 


‘= 


MICROCOPY RESOLUTION TEST CHART 
NATIONAL BUREAU OF STANDARDS-1963-A 


BW Sane Renae i 
| : 
a) - 
oO | 
. GY” ‘ 
= a4 
< NEUTRON LEAKAGE FROM “COMET”- 
Q A DUPLICATE LITTLE-BOY DEVICE 
by i 
H.A. Robitaille and B.E. Hoffarth : 
$ 
7 oe SLECTE 
Nt MAR 1 3 1984 
sy? E 
x ; 
3 DEFENCE RESEARCH ESTABLISHMENT OTTAWA 
REPORT 878 
i} perio aeay 
— : | This ene hos been December 1963 
bade ag Th! + relecige any 
= Canada ieanbution ‘ oa = = Ottawa 


84 03 13 303 


er. 
SE NN Sate reas. eM: 


me ne een 


sl eaten enti ihn elma latin, oda orinets tablenin ne tee omental 


iw National Défense 
Defence nationale 


NEUTRON LEAKAGE FROM “COMET”- 
A DUPLICATE LITTLE-BOY DEVICE 


by 


H.A Robitaille and B.E. Hoffarth 
Nuclear Effects Section 
Protective Sciences Division 


Accession For 


NTIS GRA&I A 
DTIC TAB 

Unannounced oO 
Justificatio 


By. 

Distribution/ 
Availability Codes 
Avail and/or 
Special 


DEFENCE RESEARCH ESTABLISHMENT OTTAWA 


REPORT 878 
PCN December 1963 
1A Ottawa 


Seas 2 Ss remains pine cca EE gS EB ag a wef Poach Sree ee 


ABSTRACT 


Fast neutron spectra between 600 keV and 10 MeV, directed 
outwards from the surface of the /CO assembly, were measured 
using an NE-213 fast-neutron spectrometer at the Los Alamos 
National Laboratory. The COMET experiment, consisting of a 
duplicate Little-Boy device suitably modified for operation in 
the delayed-critical regime, was to provide improved energy and 
angular distributions of leakage spectra in support of efforts 
to re-evaluate ground doses from the Hiroshima bombing. 


Measurements were obtained at seven polar angles (from 
0 to 135 degrees) and at two radii from the centre of the active 
volume (75 and 200 centimeters). These measurements were compared 
to two calculations available at the time of writing; one an 
earlier (1976) one-dimensional estimation and another more recent 
(1982) two-dimensional calculation, both based on Monte-Carlo 
techniques. Differences in high-energy neutron leakage are 
apparent and probably due to dynamical considerations, as the 
theoretical calculations simulated the disassembling weapon 
itself, rather than the static experiments described To 


RESUME 


Les spectres de neutrons rapides de 600 keV 4 10 MeV émer- 
geant de la surface du “COMET" ont été établis au spectrométre de 
recul protonique NE-213 au Laboratoire National de Los Alamos. 
L’'expérience COMET, constituée d’une reproduction de Little-Boy 
modifiée pour fonctionner en régime critique pour les neutrons 
retardes, devait fournir des distributions énergétiques et angul- 
aires améliorées des spectres de fuite pour aider a réévaluer 
les doses au sol lors du bombardement d’Hiroshinma. 


Des mesures ont été prises sous sept angles polaires 
(compris entre 0 et 135 degrés) et a deux distances du centre du 
volume actif (rayons de 75 et de 200 centimetres). Ces mesures 
ont été comparées 4 deux calculs disponibles au moment d’‘écrire 
ces lignes: une estimation unidimensionnelle de 1976 et une bi- 
dimensionnelle plus récente de 1982, toutes deux basées sur des 
techniques de Monte-Carlo. Il existe des différences apparentes 
dans la fuite des neutrons de haute énergie, différences qui sont 
probablement dues 4 des facteurs dynamiques, puisque les calculs 
théoriques simulaient l’arme elle-méme plutét que les expériences 
statiques décrites ici. 
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INTRODUCTION 


Recent estimates (1-63 of the radiation doses received by 
the survivors of the Hiroshima and Nagasaki bombings represent a 
substantial improvement in accuracy and confidence over previous 
dosimetric studies £73. To a large extent this is due to advances 
in the intervening years in theoretical radiation transport codes 
and refinements in the nuclear interaction data available for such 
calculations. A 1981 review (£51 suggested that further improvements 
in accuracy would be possible if more detailed investigations of 
the following parameters were undertaken : 


1. Organ-dose factors (relationships of incident tissue 
kerma to internal doses at biologicaliy-significant 
sites). 


2. House-shielding factors (attenuation of incident tissue 
kerma by surrounding structures). 


3. Energy yield of Little-Boy (since the Hiroshima bombing 
represented the sole detonation of this weapon design 
its yield is less certain than that of the Nagasaki 
device). 


4. Neutron leakage from Little-Boy (previous 1-D calcul- 
ations were unable to account for the anisotropy of 
neutron production from the cylindricaily-symmetric 
device). 


In order to validate the theoretical models used to refine 
the estimated yield and neutron leakage from the Little-Boy device 
(points 3 & 4 above) additional experimental information was desired 
C63. This was to be provided by a duplicate Little-Boy warhead mod- 
ified to operate as a delayed-critical experiment at the Critical 
Assembly Facility of the Los Alamos National Laboratory. Measure- 
ments of spectra, fluence and dose obtained at various positions 
surrounding the casing could then be compared to the predictions 
of corresponding two-dimensional calculations of the experimental 
assembly. Thus validated in the case of the “cold" (zero-yield) 
weapon, the calculational model could then be applied to the assoc- 
fated problem of predicting the leakage energy spectra and anisotropy 
of neutron production during the detonation of the super-critical 
device at Hiroshima. 


Altough differences in spectra between the two cases were 
anticipated (83, the experiment nevertheless tests the applicability 
of the theoretical codes and nuclear data to deal with radiation 
transport within the identical material composition used in the 
construction of the Little-Boy weapon. 


A number of experimental groups were invited to participate 
in these measurements, including those from the Oak Ridge National 
Laboratory (ORNL), Lawrence Livermore National Laboratory (LLNL), 
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Los Alamos National Laboratory (LANL) and the Defence Research Est- 
ablishment Ottawa (DREO). This report describes the measurements 
performed by DREO during September and October of 1982, as part of 
this effort. 


EXPERIMENT 


Fast neutron spectra (above an energy of 600 keV) were meas- 
ured using a 2" x 1.75" NE-213 organic scintillator at the thirteen 
locations surrounding the casing shown in Figure 1. Pulse-height 
data were unfolded using an on-line code [9] and response matrix 
C103 previously developed at DREO. Additional integral information 
was provided by a cadmium-covered boron-triflouride counter of one- 
inch diameter and eight-inch sensitive length, enriched in the 
concentration of boron-10. 


At a core-centre to detector separation of 200 centimeters 
estimation of the contribution of background neutrons (i.e. those 
interacting with the detectors after scattering off the walls and 
floor of the containment building) was accomplished by interpos- 
ing a concrete block (36" x 36" x 18") between the source and det- 
ector. Such a thickness of concrete reduces the transmitted fast- 
neutron fluence by a factor of approximately one hundred (€11], thus 
rendering the detectors sensitive primarily to room-scattered rad~ 
tation. At 200 cm the NE-213 detector was influenced by an observed 
background contribution of 14 % of the total couting rate (>600 
keV) at the 90 degree measurement location. The background contrib- 
ution to the BF 3 detector was considerable higher, at about 65 %. 
Similar background corrections were obtained at all the other 200- 
cm locations with the sole exception of the position at 0 degrees, 
safety considerations prohibiting location of the block directly 
above the casing. At this particular location the background cont- 
ribution was expected to be much lower as the casing itself shielded 
the detector from the floor beneath, from which a large portion of 
the scattered neutrons was suspected to originate. 


At the 75-cm radius shadow-bar substitution measurements 
were impossible due to the close proximity of the detectors to the 
assembly casing. However at this closer distance the average neutron 
count rate (as seen by the NE-213 detector) was observed to increase 
by a factor of 6.5 compared to that at 200 cm. Since the background 
counting rate alone is expected to be relatively invariant to such 
a change in distance (most scattered neutrons originating from the 
walls and floor) the average background contribution at 75 cm was 
thus estimated to be no more than 2 *% of the observed foreground 
counting rate. No background correction to the NE-213 measurements 
at 75 centimeters was therefore required. Similarly the background 
contribution to the BF; measurements at 75 cm was estimated to be 
approximately 20 % of the observed counting rate. This was consid- 
ered by several approximations to be discussed later. 
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For each measurement the assembly power level was chosen 
such that maximum instrumental dead-time fractions were maintained 
below 5 *, and suitable dead-time corrections were applied at the 
time of data analysis. The assembly was operated without a startup 
neutron source and all other sources of any significance were rem- 
oved from the experimental chamber. Unfolded data were subsequently 
normalized to the measured total fission rates, as determined by 
LANL, to within an estimated accuracy of 10 * (using a calibration 
factor of 6.35E-8 counts per fission for LANL fission chamber # 3) 
C12). 


RESULTS 


In subsequent discussions of the measurement results, 
occasionally referenced are quantities described as having been 
“integrated over angle". These angular integrations are by neccesity 
approximate, and result from the weighted summation of quantities 
measured at similar core-centre to detector separations, but in 
differing directions. The weighting factors are determined by 
assuming no azimuthal variation in measured quantities (since the 
device is cylindrically-symmetric), and further assuming that 
quantities measured in a specific direction are invariant to change 
in polar direction, within specified limits. The individual weight- 
ing factors are numerically equal to elements of area to be assoc- 
iated with each detector location, on the surface of an imaginary 
sphere surrounding the casing with radius equal to the source- 
to-detector distance. Thus, the results of such angular integ- 
rations indicate the total leakage outwards from the casing, as 
determined at particular radii. The angular limits and weighting 
factors attributable to each detector location are tabulated 


below : 

Angle Angular Range Weight (cm2) Relative 
(degrees) (degrees) 75 cm 200 cm Weight 
0.0 Q.0 - 11.25 679 4828 0.010 
22.5 11.25 - 33.75 5277 37525 0.075 
45.0 33.75 - 56.25 9751 69340 0.138 
67.5 56.25 - 78.75 12740 90598 0.180 
90.0 78.75 - 101.25 13790 98063 0.195 
112.5 101.25 - 123.75 12740 90598 0.180 
135.0 123.75 - 1380.00 15707 111697 0.222 
70684 502649 1.000 


Table 1 : Weighting factors for angular integrations. 


| Where data in a specific direction are unavailable, ind- 

H ; ividual weighting factors are split equally and combined with 
the weights characteristic of neighbouring directions, such as in 
the case of the 22.5 degree direction at 200 cm for which no neas- 
urements were performed. In this case one-half of the weight at 
22.5 degrees was added to the weight at 0 degrees and the other 
half to the weight at 45 degrees. The greatest approximation in 
this scheme is apparent at the 135 degree direction, to which 
is associated the range from 123.75 to 180 degrees, the casing 
stand and tamper drive motors having precluded measurements dir- 
ectly below the assembly. Nevertheless, the scheme permits cons- 
istent comparison between data measured at 75 cm and data at 200 
cm, both having been treated with the same approximation. 


| If all escaping radiation originated at a point source 
| and travelled directly to the detector without further inter- 
action, the results of the angular integrations would be invariant 
with respect to change in detector distance and thus integrations 
performed at 200 cm would exactly equal those at 75 cm. Since 
this is clearly not the case, some variation with separation “ 
in fact expected. In particular, at 75 cm a point detector « la 
view an azimuthal range of the casing surface amounting to 12 
degrees, whereas at 200 cm the detector would see 160 degrees ~tf 
the casing circumferance. (Infinitely far away the detector uld 
view exactly one-half, or 180 degrees of the casing circumfei . ). 
It is therefore expected that measurements at 200 cm should e. -—ed 
somewhat those at 75 cm, due to failure of the "l/r2" law in this 
geometry. The exact increase to be expected is not easily estim- 
ated since this depends on the particular angular distribution 
of escaping radiation at the assembly surface, even if this is 
azimuthally invariant. : 


= nee 6 operate eee ee rere ner 


Angular Distributions of Fluence and Kerma 
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Individual neutron spectra measured at each location are 
shown plotted in Appendix A and listed in Appendix B. Neutron 
fluences and kermas above 600 keV derived by integration of these 
spectra against the appropriate fluence-to-kerma conversion factors 
C133 are tabulated below : 


Neutron Fluence Neutron Kerma 


0.90 2.5 4 

22.5 2.11-7 2 33-16 - 
45.0 4.89-7 8.77-8 1.05-15 1.90-16 
67.5 1.01-6 1.52-7 2.21-15 3.32-16 
90.0 1.32-6 1.82-7 2.94~-15 4.03-16 
112.5 1.112-6 1.71-7 2-45-15 3.75-16 
135.0 7 1 1 2 


4nr? 0.0638 .0726 1.39-10 1.55-10 
Integral (neutrons/fission) (rad.cm2/fission) 


oO 


Table 2 : Integral quantities determined above 600 keV. 


The statistical uncertainty associated with each of these 
quantities is not more than one percent, however a possible system- i 
atic uncertainty of up to 12 percent must be attributed to a combin- 
ation of detector calibration and specific core power level uncer- 

tainties. 


These integral quantities are also shown plotted in Figures 
2 (fluence) and 3 (kerma). Quantities measured at a radius of 200 
cm are seen to increase by approximately a factor of 4.5 from the 0 
degree (nose) to 90 degree (side) measurement locations. Anisotropy 
indicated by the 75-cm measurements is somewhat higner, about a fac- 
tor of 5.5 . In closer proximity (75 cm) the detector is relatively 
more sensitive to the scalar fluence at the surface of the casing, 
whereas at the greater radius (200 cm) the detector is primarily 
sensitive to the angular distribution of escaping radiation, integ- 
rated over the surface of the casing as seen by the detector. It is 
therefore not surprising that the indicated degree of anisotropy 
decreases somewhat as the detector is moved farther from the casing. 
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Near a polar angle of 22.5 degrees a slight local minimum 
is apparent (in the 75-cm measurements) in both fluence and kerma. 

This is also reasonable since near this angle the optical path 

length through the casing from the core centre is greatest as the j 
detector rounds the “corner” of the casing (F‘gure 1). ; 


The degree of anisotropy of 4.5 noted at 200 cm may be com- 
pared to that measured in an earlier experiment employing a cali- 

fornium-252 neutron source at the centre of a similar Little-Boy , 
casing £14]. In that experiment the indicated degree of anisotropy 
between 0 degree and 90 degree measurements at 200 cm was lower and 
equalled approximately a factor of 3. Since the measurements were 

performed with integral fluence monitors sensitive to lower energies 
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(1 keV), the additional contribution of primarily nultiply-scattered 
neutrons would tend to decrease the apparent anisotropy. 


As listed in Table 2, angularly-integrated quantities are 
seen to increase slightly from 75 to 200 cm. Both total fluence and 
kerma above 600 keV increase by 11 %* as the detector is moved farther 
from the casing. As noted previously, this is consistent with the 
expected variation from "l/r2"“ behaviour. 


Neutron Spectra Integrated Ov-r Angle 
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Neutron spectra measured at 75 cm and 200 cm have also been 
integrated over direction according to the weighting factors of Table 
1, and ina fashion simliar to that described earlier. These are 
compared below (Figure 4), in which the spectrum obtained at 75 cm is 
shown as a solid line and the comparable spectrum at 200 cm as a broken 
line. The corresponding numerical data so derived are also listed in 
Appendix B. 
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Figure 4 : Neutron spectra integrated over angle. 


As is apparent the differences between 75-cm and 200-cm data 
are minor and correspond primarily to the previously-discussed increase 
in integral quantities of 11 %, as the source-to-detector separation is 
increased from 75 to 200 centimeters. 
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Boron-triflouride Detector Counting Data 
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Data recorded by the cadmium-covered boron-triflouride 
detector are shown in Table 3. These data connot be directly trans- 
formed into fluence measurements without detailed knowledge of the 
neutron spectrum at each location, as the detector sensitivity 
varies approximately as the inverse of neutron velocity, in the 
range from 0.5 eV to 10 MeV. Because of this variation, the detector 
is most sensitive to low-energy neutrons (i.e. in the eV range) 
but insensitive to neutrons below 0.5 eV, as a result of the layer 
of cadmium surrounding the detector (of thickness equal to 1 mm). 
When appropriate calculated spectra become available they may be 
integrated against the energy-dependent counting efficiency (‘see 
Appendix C) and compared to the recorded data, as a further integral 
check on the calculation below the NE-213 lower threshold of 600 keV. 


To correct approximately for the unknown backgrounds at 75 
cm, three assumptions were employed and are compared in the table. 
The column labelled “Lower" results from the assumption that the 
backgrounds at the 75-cm positions are numerically equal to the 
foregrounds at 200 cm in the corresponding directions. This results 
in an over-estimate of the background contribution, and thus an 
underestimate of the actual counting rate. The column labelled “Net” 
results from the assumption that the backgrounds applicable at 75 cm 
are the same as measured at 200 cm. This assumption is the most 
realistic as it is fairly-confidently suspected that the fluence 
of room-return neutrons at the energies of greatest importance to 
BF, detector would not change significantly from 200 to 75 cm. The 
column labelled “Upper” results from the assumption that the back- 
grounds at 75 cm are identically zero - clearly an underestimation 
which results in a maximum upper limit for the derived counting 
rates. 


In Table 3, the results of angular integration over 47r2 of 
the BF, data indicates that the "Net" estimates determined for each 
radius differ by 19 %, the measurement at 200 cm being the higher 
of the two. This may be a valid difference (resulting from the 
differing obliquity of the source-detector geometries) or merely 
an artifact of the approximate method used to correct for the 75 cm 
background contribution. The "Upper" and “Lower” estimated bounds 
for the 75 cm data differ from the "Net" estimate by + 33 *% and 
- 17 %, vespectively. If these are considered to be the range of 
possible error in the 75-centimeter measurements, then the 200 cm 
measurements are cons‘ -tent, and fall within these limits. 
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COMPARISON TO THEORETICAL CALCULATIONS 


Iwo theoretical calculations are presently available for 
comparison to the measured neutron spectra. One was performed in 
1976 £15] using a one-dimensional Monte-Carlo approximation and 
the other a two-dimensional calculation of 1982 (£161, also using 
Monte-Carlo techniques. Both of these were intended to model the 
dynamically-disassembling weapon at Hiroshima rather than the zero 
yield experiment described herein, consequently differences were 
expected. In an actual detonation low energy neutrons are influenced 
both by the much higher temperature within the weapon and also its 
disassembly. High energy neutrons (such as monitored by the NE-213 
detector) are less influenced by thermal effects, but do penetrate 
a casing reduced in density as a result >f the explosion [8]. 


In Figures 5 and 6 comparisons are made between these two 
calculations (integrated over angle in the case of the 2-D results) 
and the DREO-measured spectra at 75 cm and 200 cm, respectively. 

For each measured spectrum three curves are shown, corresponding 

to the upper, lower and best estimates as predicted by the spectral 
unfolding procedure. The upper and lower estimates differ from the 
best estimate by amounts calculated to equal the expected standard 
deviation, based on counting statistics alone. Separate illustrations 
and tables for the angularly-integrated experimental results also 
appear in Appendices A and B. 


The measured spectra fall below both sets of calculations, 
but are in better agreement with the more recent 2-D results. The 
spectral shape is, however, in very close agreement with both the 
1976 and 1982 calculations. It is felt that the greater number of 
neutrons (above 600 keV) escaping from the weapon is due to the fact 
that at least some of the fast neutrons penetrate transport media 
reduced in density by the detonation, whereas there is no such 
reduction built into the COMET experimental assembly. Such a red- 
uction in mean casing density would lead to an increase in neutron 
escape probability, especially at the time when the greatest numbers 
of neutrons were being produced (i.e. near the termination of the 
fission process). Comparison to calculations now underway at LANL 
will ultimately determine if this is indeed the cause of the noted 
differences. 


Total neutron leakage between 0.64 and 10 MeV predicted by 
the 2-D calculation amounts to 0.0773 neutrons/fission. In comp- 
arison the measured leakage between these same energy limits was 
determined to equal 0.0586 at 75 cm and 0.0650 at 200 cm. The 
calculated value thus exceeds the measurement at 75 cm by 32 %, and 
the measurement at 200 cm by 19 %. As previously mentioned, total- 
leakage determinations are better perfomed at the farther distance 
due to the reduced magnitude of effective obliquity differences, 
consequently it is indicated that approximately 16 * fewer neutrons 
above 640 keV escape from the COMET casing. 
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CONCLUSIONS 


Neutron spectra above 600 keV have been measured in several 
directions surrounding the COMET assembly. and at two radii. Integ- 
ration of the measurements over angle demonstrates that the spectra 
obtained at 75 cm are in good agreement and consistent with those 
measured at 200 cm. Comparison to theoretical calculations of the 
Hiroshima detonation indicates that the measurements are in very good 
agreement in spectral shape, but that slightly fewer fast neutrons 
leak from the COMET casing. Further calculations are required to 
fully verify this observation. 
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APPENDIX A : Plotted Neutron Spectra 
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On the following pages of this appendix are shown semi- 
logarithmic plots of the neutron spectra determined above 600 kev 
by the NE-213 detector, at each location of measurement. In all 
cases the data are normalized to fission rates as determined by 
LANL. Figures A-1 to A-7 illustrate the spectra measured at a 
source-to-detector separation of 75 cm, whereas Figures A-8 to 
A-13 illustrate those measurements performed at 200 cm. Figures 
A-14 and A-15 display the results of angular integration of the 
measured spectra at distances of 75cm and 200 cm, respectively. 
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Figure A-1 : Neutron spectrum at 0 degrees and 75 cm. 
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Figure A-2 : Neutron spectrum at 22.5 degrees and 75 cm. 
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Figure A-3 : Neutron spectrum at 45 degrees and 75 cm. 
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Figure A-4 : Neutron spectrum at 67.5 degrees and 75 cm. 
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Figure A-5 : Neutron spectrum at 90 degrees and 75 cm. 
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: Neutron spectrum at 112.5 degrees and 75 cm. 
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Figure A-7 : Neutron spectrum at 135 degrees and 75 cm. 
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Figure A-8 : Neutron spectrum at 0 degrees and 200 cm. 
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Figure A-~9 : Neutron spectrum at 45 degrees and 200 cm, 
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Figure A~lO : Neutron spectrum at 67.5 degrees and 200 cm. 
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Figure A-11 : Neutron spectrum at 90 degrees and 200 cm. 
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Figure A-12 : Neutron spectrum at 112.5 degrees and 200 cm. 
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Figure A-13 : Neutron spectrum at 135 degrees and 200 cm. 
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Figure A-14 : Neutron leakage spectrum at 75 cm. 
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Figure A-15 : Neutron leakage spectrum at 200 om. 
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APPENDIX B : Listed Neutron Spectra 
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Listed in Tables B-1 to B-15 are the neutron spectra 


corresponding to the illustrations in Appendix A. 
B-7 describe those measurements made at 75 cm, Tables B-8 to 


Tables B-1 to 


B-13 those at 200 cm, and Tables B-14 and B-15 the results of 
angular integrations of the measured spectra at 75 cm and 200 cm, 


The spectra are listed in bins of 200 keV width, 


respectively. 
from a lower energy of 600 keV up to a maximum of 10 MeV. 


Also 


listed are the statistical standard-errors estimated for each 


bin by the unfolding procedure. 


Note that these errors result 


from counting uncertainties only, and neglect systematic errors. 
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Boron-triflouride Detector Efficiency 


APPENDIX C 


ae ewe ewe ee 


Plotted and listed in this appendix is the energy-dependent 
efficiency of the cadmium-covered boron-triflouride detector used 
for integral determinations, as described in the main text. The 
detector is essentially insensitive to neutrons of energies below 
0.5 electron-volts due to the exterior l-mm cadmium encapsulation. 
Above this energy the response decreases approximately as the 
inverse of neutron velocity (or equare root of energy). Absolute 
calibration of this detector has been made to within 5 * by com- 
parison to the National Thermal Neutron Standard at the National 
Research Council of Canada. The effective number of boron-10 nuclei 
contributing to the detector response (above a repeatable pulse- 
height bias level of one-fourth of the alpha-particle peak) has been 
established as 9.10E+20 nuclei. The efficiencies listed have been 
determined by multiplying this number by the (n,alpha) cross- 
section of boron-10 and then the transmission probability through 
the l-mm thickness of cadmium, for each neutron energy. The quoted 
units of efficiency are therefore centimeters-squared, which when 
integrated against a calculated neutron fluence with units of 
neutrons/cm2.MeV, will predict total counts recorded by the det- 
ector. 
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: Energy-dependent detection efficiency for the 


Table C-1 


cadmium-covered boron-triflouride detector. 


Efficiency 
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Efficiency 
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